We present a comprehensive study of the conductance behavior of atomic-size contacts made of ferromagneti c metals (Co) or noble metals (Au) with ferromagneti c electrodes (Co). In order to separate the influence of the large electrodes fro m the influence of the contacts themse lves, we used different sampl e geometri es. T hese include combinati ons of nonmagnetic electrodes connected to magneti c bridges and vice versa as well as di fferent orientati ons of the mag netic fi eld. The magnetores istance (MR) curves show very rich behavi or with strong MR rati os (MRR). In all geometries the MRR va lu es are of comparabl e size, reaching up to a few thousand percent in the tunneli ng regime. We study the poss ibl e influence of the mi cromag neti c order of the domain s in the vic inity of the contac t as well as balli sti c MR, giant MR, tun nel MR , atomically enh anced ani sotropi c MR (AAMR), and magnetostri cti on. We co nclude that AAMR is the most important origin for the MR at hi gh magnet ic fie lds (iBI > 2 T) , while magnetostri ct ion, tunnel MR , and giant MR govern the low-fie ld reg ime (IBI < 2 T).
I. INTRODUCTION
For possible use of magneti c properties in electronic devices, magneti c point contacts have been investi gated intensively during the last years. In particular, th e poss ibility to dramati call y change the resistance by appl ying a small magneti c fi eld has been studied in detail. Nevertheless, the experimental situation is still contradi ctory. T his holds true for the so-called conductance histograms, which are used to determine the preferred conductance values of quantum point contacts as well as the magnetoresistance (MR) ratios which in some experiments reach values of 100 OOO%. t The mechanism of th e high MR is controversial as well. E ffects due to the mi cromag neti c order of the domains in the vi cinity of the contact, ani sotropic MR (AMR), giant MR (GMR), tunnel MR (TMR), balli sti c MR (BMR),2,3 magnetostri cti on, and further effects depending on th e ac tual reali zatio n of the contacts are di scussed . 4 The conductance histograms strongly depend on th e experimental reali zati on. The res ults range from compl ete absence of preferred conductance values 5 vi a a small number of rather broad structures 6 to almost perfectly quantized values at half integers of Go upon applicati on o f an external fie ld '?
The spin propert ies of the conducting electrons in point contacts have been addressed theoreti call y by several groupS.4 However, only few direct experim ental proofs exi st. 8 ,9 Often the appearance of preferred condu ctance values at half integers G= NG o /2 of the conductance quantum G o =2e 2 I h is interpreted as indicati ons for complete spin polarizati on.?
The underl ying ass umpti on is th at any spin-degenerate atomic contact should have qu antized conductance in multiples of Go given by a number N of transport channels with perfect transmission i = I . Calcul ations o f the conducti on channels of ferromagneti c atomi c-size contacts predi ct strong but confi guration-dependent polari zation values, 1O which do not yield half integer values of the total conductance. Both the number N and th e transmi ssion i of the transport channe ls differ for both spin orientati ons. The i may acquire arbitrary values between 0 and 1, whi ch can be influenced by external magneti c fi elds. I I Therefore, the MR curves may display rich behavi or. Interestingly, the size and even the sign of the MR may differ signifi cantly upon slight variati ons in the atomi c confi gurati on. The MR may vani sh for particul ar configurati ons. Simil arl y, due to atomic rearrangements, the conductance histograms, i.e., the stati sti cal analysis o f preferred conductance values, are expected to depend on the applied magneti c fi eld if spin polari zati on dominates the conductance.
Herein, the possible influence of the spin polari zati on onto the electronic transport is investi gated by analyzing the MR through atomic-size contacts in different orientations of the applied magneti c fi eld with respect to the film plane and current direction. In order to separate th e influence of the large electrodes from the influence o f the contac t itself, we vary the sample geometry. We argue that magnetostricti on contributes to the observed MR and is not negligible. For samples consisting of two magnetic electrodes strong resistance changes are caused by TMR and GMR. We find th at the continuous changes in the MR up to approximately ± 2 T are due to the reori entati on o f the magneti c domains in the electrodes, whereas th e changes at higher fi elds are due to an enh ancement of the saturati on fi eld in the constri ction region. The constriction causes a local variation in th e band structure and reduces the quenching of the orbital magneti c moment. Because of the limited number of neighboring atoms in the constricti on region, th e orbital character of the wave fun cti ons is not completely suppressed, but the currentcarryi ng electroni c modes partiall y maintain their orbital properti es. Thi s results in a strong spin-orbit scattering in atomi c-size contac ts. The spin-orbit scattering may give ri se to a pronounced fi eld dependence of the res istance of the contacts. Because the local band structure is given by the overl ap of the wave fun cti ons of the ne ighboring atoms, it is strongly dependent on the geometry on the atomic scale. These effects have been called atomi cally enh anced AMR (AAMR) . They should not be confused wi th the BMR effect. Also BMR considers local changes of the band structu re at the constriction. Ho wever, it assumes only full y transmitted conductance channels, the number of which changes upon appli cation of a magnetic fi eld. In parti cular, the number of modes for spin-up and spin-down bands may differ from each other. Thus, in the BMR picture onl y multiples of the spin-split conductance quantum e 2 I h are possible while in the AAMR picture arbitrary values of the conductance occur. To summarize, AAMR affects both, the saturation fi eld as well as conductance of the contacts. Finally, the observed abrupt resistance jumps can partiall y be attributed to atomi c rearrangements triggered by magnetostri cti ve forces.
The paper is organi zed as follows: Sec. II describes the sample preparation and briefly desc ribes the experimental setups. Secti on III is di vided in to three parts, each one bei ng dedicated to the presentation of the tra nsport measurements conducted on the three different sample types under investigation. T he analysis and interpretati on o f our res ults is given in Sec. IV. This incl udes a Sec. IV A which reports mi cromagneti c simulations of the domain structure o f the nanobridges with or without break. We di scuss the influence of magnetostri cti on in Sec. IV B , th e origins of hysteretic MR in Sec. IV C. F inall y, the findin gs are summarized in Sec. V.
II. EXPERIMENTAL
We in vestigate pure cobalt samples [see Figs. I (a) and I (b)] wi th a symmetric and an asymmetric layout. We also study a combination o f nonmagnetic gold electrodes with magneti c bridges and vice versa. These samp les consist of a bridge o f about a fe w hundred nanometers in length connected to two mi crometer-sized leads, consisting of anoth er material th an the bridge itself [see Figs. I (c) We used bronze sub strates covered with a m icrometerthi ck polyimide layer which provides e lectrical isolation of the substrate from our sample structures. T he latter are fabri cated vi a e-beam lithography using a double-layer system of a polymethyl methacryl ate and a copolymer pos itive resist. The di fferent materi als are deposited subsequentl y without breaking the vac uum of p :S 10-3 Pa by using shadow evaporation through a suspended mask. T his process enables good electric contac t between the metals . For the samples consistin g of two metals, we fi rst evaporate the Au layer followed by th e Co layers . The thickness of both the Co and the Au film s is 100 nm, unl ess stated otherwise. As an artifact of the shadow evaporation technique, the electrodes at a di stance o f more th an a few hundred nanometers consist of bilayers of Co and Au. The separati on between the parasitic Co layers and the Co nanobridge is larger th an the spindiffusion length in Au,12 ASJ= J 00 nm . This means that for the Au-Co-Au samples a possible stray-field contribution of the parasitic Co electrodes has to be considered . However, si nce the voltage drops locally at the atomi c contact, thi s does not affect the resistance di rectly. F inally, the triangularshaped central part can be suspended by means of etching the polyimide layer in a reactive oxygen plasma, as shown in Fig. I (a) . Herein , we report data taken on six samples . An overvi ew o f these samples is given in Table I .
The size and resistance of the contac ts are adjusted using the mechani call y controllable break-juncti on technique. 13 ,14 A three-point bending mechani sm and a motor with welldefin ed gear reduction allows us to open the contact in a controlled way while the sample is always kept at temperatures below 4 K in cryogenic vac uum . No contaminati on of the samples was detected as long as the samples were kept under th ese cond iti ons. When raising the temperature to more than = 10 K, gas atoms start to accumul ate at the surface. They impede the fa brication of clean metallic atomic contacts. The cryostats are fu rthermore equipped with superconducting solenoids in order to record the MR in perpendicul ar magnetic fie ld up to 8 T. Part of the measurements have been performed in a vector magnet with fi elds of up to 0 .5 T in each direction. The resistance is measured with various electroni c setups by applying bi as voltages below 2 mV in order to avoid self-heating and to ensure linear transport conditions. The measurements are performed in a mesos- copic two-point confi guration. Current and voltage leads are separated from each other at th e sample holder. Thi s means that the indicated resistance values include small and lead resistances in th e order of a few ohms. Upon permanently opening and closing the bridge several hundred times, we record the linear conductance from which we calculate conductance hi stograms. We verified that the current-voltage characteri stics are linear in thi s regime with a precision of roughly 1 % and that the shape o f th e opening traces and conductance hi stograms to not depend on the bias vo ltage.
III. REsur;rs
A. Cobalt samples
In order to determine the influence of the usual AMR of the Co film , we first investi gate the angular dependence of the MR of an unbroken and nonsuspended nanobridge (thi ckness 30 nm) with a total resistance of approximately 280 fl at 4 K. A magnetic fi eld of SOO mT is applied parallel to the film pl ane. Figures 2(a) and 2(b) demonstrate the typical AMR behav ior which has been observ ed for nanowires reali zed by vari ous techniques. is-iS
As known for AMR and reported earlier for nanoconstricti ons of Fe and Ni , i9 the resistance is hi ghest when the field is applied parallel to th e current and smallest for perpendi cular ori entati on. to the low level when furth er increasing th e angle. The experiment demonstrates th at the mag neti zation direction is preferabl y in pl ane. For a field of O.S T and in the narrow angul ar range around 100°, part of the mag neti zati on turns out o f plane. T he fact that the max imum is not observed at 0=90° is due to an uncertainty of our angle determination . In summary, these measurements underline that th e behavior of the unbroken and nonsuspended bridge follows the ex pected AMR behavior reported earli er.2o Al so, when applying th e fi eld perpendicular to the film th e MR o f the unbroken sampl es is less than 3% up to fi eld amplitudes o f S T for all samples inves ti gated . For the CoAu-Co samples and Au-Co-Au samples it is less than 2%. Before break the samples with a metal thickness of = I 00 nm have a resistance of typica lly IO-IS fl at low temperatu re. The MR is negati ve, i. e., the resistance decreases with increasing fi eld amplitude. The functional shape of this decrease is bell shaped for the Co-only samples and the Co-Au-Co samples. No sharp feature can be detected at 1.8 T. However, the fi eld dependence in general becomes weaker above roughly 2 T, as found for thin Co films.2i The MR of the Au-Co-Au samples decreases linearl y up to S T. showed very small MR (smaller than I %) in the same fi eld range but a sli ght increase rather than a decrease as expected for normal metals by the conventional MR due to the Lorentz force.
Addressing now the magnetotransport of the atomic-size contacts arranged with these nanobridges, our first aim is to determine the preferred conductance values, because these values are characteri sti c for each material. In many experiments the preferred conductance values of s ing le-atom contacts of gold have been determined to be G = I Go with very good precision. 22 In our measurements the conductance histog ram of Co reveals a first broad maximum around 1.3G o and a second one around 2.5G o , both in zero fi eld and in an applied perpendicular field of 5 T (Fig. 3) .
The exact shape, position, and height of the maxima vary from sample to sample. As shown below, this is re lated to the variation in the remanent magnetization state of the bridges, which gives rise to resistance variations in the atomi c-sized contacts. Comparing the hi stogram s recorded on various samples we conclude that neither the substructure of the main peaks is sig nificant nor is th e small shift of the second maximum to sli ghtly lower condu ctance values. Our findin gs are in accordance with an experime nt in which break junctions made of notched wires (instead of thin evaporated films) and an in-plane fi eld orientation were used. 6 The absence of a splitting or shift of the maxima is an indi cation that the preferred conductance values are not caused by the BMR effect. The good agreement between the histograms recorded with and without magnetic field is all the more surpri sing when considering the magnetoresistance traces of atomic-size Co contacts. The MR traces of the Co samples show a broad variation in possible shapes . In parti cular, rearrangeme nts of contacts of the same sample may depict very distinct shapes. Resistance minima as well as ma xima at zero field are possible for the same sample . A subset of typical MR curves of two samples is depicted in Fig. 4 . In be tween the measurements of the MR traces of th e individua l contac ts the bridges ha ve been closed completely and reopened repeatedly in order to prepare a different atomic configuration for each contact. In the literature, vario us definitions of the MR rati o are used. Since in our samples ne ither the resistance in anti parallel or parallel ori- The gray (o nline: orange) curves represent a sweep direction from left to ri ght, the black (onl ine: blue) ones the opposite way. The shape is characterized by a hy steretic structure fo r 0 < 181 < I T and a reversible structure for larger fields with a dip, a peak or a kin k at :!:: 1.8 T. In many atomic contacts, large hysteretic resistance jumps occur upon rai sing the field size. entation can be defi ned, nor the resistance at zero fi e ld adopt an extremal value, and in addition a saturation at maximum field is not achieved, we choose the following definition:
The MR ratios (MRR) according to this definition amounts to 70% in th e few -atom regime and can ac hie ve several hundred percent in the tunne ling regime. In the contact regime we observe hystereti c as we ll as nonhysteric structures. Although the shapes of the MR traces are manifold, several robust observations can be noted: in th e low-field regime (lEI < 1.5 T), a stepwise c ha nge in the resistance can occur.
At hi gher fie lds, th e resistance change is continuous and seems to saturate. The di scontinuo us behav ior is mostly absent for tunnel contacts, o nly in some examples a TMR-Iike switching be havior is observed at low fi e lds. Nevertheless, the majority of features is present in both sweep directions. In all traces, an additional feature appearing for both polariti es is observed near th e saturation fi eld of Co at lEI = 1.8 T. This can be a resistance maximum as we ll as a minimum or a shoulder. In order to deduce the influence of anisotropies of the electrodes, which may g ive rise to different switching fields of the magnetization , we also produced samples with asymmetric shape of the electrodes on the mi crometer scale. In most cases, the amplitude of the magnetoresistance effects did not change signifi cantly. However, traces with hi gh resistance at zero field and hysteresis between sweeping up and down the field appeared more often while traces with multiple maxima are observed less frequently. Examples for both types are shown in Fig. 5 . Magnetostrictive effects on the MR were studied by varying the length of the suspended part and by removing the suspension completely. Because of the thickness of the samples of roughly 100 nm magnetostriction cannot be excluded even for the nonsuspended samples. However, we expect the contribution of magnetostriction to the MR to be much smaller for these samples . Interestingly, the resulting MR traces show a simi lar complexity and the MRR values were of the same order of magnitude (see Fig.  6 ). From these experiments we conclude that the field dependence of the conduction channels themselves causes the ri ch effects. S ince the GMR and TMR-Iike features persist in all samples, we furthermore conclude that the orientation of the magnetization of the electrodes are important for the overall shape of the MR curves (maximum resistance at low field, minimum resistance at hi gh field).
B. Co-Au-Co In order to separate the influence of the micromagnetic order from the atomistic effects we fabricated samples con- sisting of a nonm agnetic centra l part, in which the atomic con tact was supposed to form, and magnetic electrodes. T he conductance histogram (not shown) shows fea tures at I Go (which would be expected for gold contacts) as well as at the values which are typical for Co. Individual opening traces reveal that either plateaus at I Go or at 1.3G o are observed .
From these findings we ded uce that the rupture occurred close to one of the interfaces between Co and Au [see The MR traces reveal a simil ar ri chness of possible shapes as the Co samples, for both the contact (Fig. 7) and the tunnel regime (Fig. 8) . Several hysteretic jumps are observed in the low-field regime of the traces recorded for the atomic-size contacts . In the tunnel regime two types of traces are observed, one of which reveals a minimum of the resistance at B=O T, while the other one depicts a hysteretic max imum. As for the Co samples a feature is observed at IBI = 1.8 T, although in most traces with smaller amplitude than for the Co-onl y samples . Also the relative resistance changes are in the same order of magnitude as for the Co samples . For these samples we also performed measurements for field directions in the film plane (Fig. 9) . The shape of the MR traces is much simpler with pronounced minima or maxima close to 50 mT, as found by Viret et al. 19 and Shi et al. 23 The amplitude of the continuous changes is in the order of 50% and is interpreted as atomically enhanced anisotropic MR (AAMR) (Refs. 24 and 25) caused by an increased spinorbit coupling at the atomic level. Since the effect depends on the atomic configuration the enhancement factor of the saturation field varies from contact to contact. The same holds for the amplitude by which the resistance is changed by the AAMR effect. In addition, hysteretic jumps occur when applying the field transversely to the current direction. Possible origins for these jumps are discussed in Sec. IV.
C. Au-Co-Au
Complementary, the third class of specimen consists of gold leads, connected to a 300 X 140 nm 2 cobalt bridge [thickness 80 nm, see Fig . l (d) ]. Although the large electrodes at a distance of about 200 nm consist of double layers of Au and Co, the parts close to the contact are single layers made of Au. Only the triangular-shaped inner Au electrodes and the Co bridge are suspended. Thus, we assume that in first approximation, only the magnetic area of the bridge should affect the MR by its stray field, by the spin polarization of the conduction electrons, and finally by magnetostriction, although the latter contribution will be smaller than for the Co-only samples and the Co-Au-Co samples. Our first goal is again to determine which species of atoms forms the contact by recording conductance histograms (Fig. 10) . A pronounced peak near I Go and the absence of a peak at 1.3G o indicate that the junction breaks at one of the interfaces of the two materials but inside Au. This assumption is supported by the inspection of the sample in a scanning electron micrograph after the transport measurements [ Fig. I (d) ]. The individual opening traces depict flat and long last plateaus which are typical for gold (inset of Fig. 10 ). Moreover, there is no evidence for the dependence of the preferred conductance values on the external magnetic field . reg ime as well as in the tunnel regime. The extremal values occur sli ghtly shifted to smaller fie lds upon reversal of the sweep direction. In general, as shown in Fig. II (a) , the MR changes gradually, is reversible for IBI > I T and decreases at hi gh fields. Some contacts also show superimposed discrete conductance jumps, as shown in Fig. II (b) . When subtracting these jumps [inset of Fig. 11 (b) ], one yields the usual structure. Finally, as shown in Fig. II (c) hysteretic stru ctures with gradual resistance changes are observed . Also for these Au-Co-Au samples we observe no saturation of the MR at high fields . However, no non monotonic behavior is observed above IBI = I T. Thus, th e MR effects seem to occur on smaller fi eld scale than for the other sample types. This is expected because due to its almost cubi c shape the central Co bridge is expected to have a much smaller saturation field than the ex tended two-dimensional electrodes of the other samp les. At variance to the other sample types (Co, Co-Au-Co) we find here contacts with MRR values in the order of only 1-4 %. Interestingly these were found for conductance values of 0.90 -0.96G o and thus correspond most likely to contacts within th e Au (see Fig. 13 ). The lower curve in Fig.  II (c) shows an example of this low MRR. In contrast, the contact with G = 1.3G o showed the hi ghest MRR value in the order of 30% [see lower curve in Fig. l1 (a) ].
IV. DISCUSSION
The MR traces in perpendicular fi eld of all samples show rich behavior and mostly continuous changes. In the contact reg ime, discrete resistance steps are observed for IBI < 1 T .
T he observations are exceptional in the tunneling regime. The resistance changes persist above the saturation fie ld of Co of B= 1.8, the AAMR being the physical origin for thi s. Table I. 134402-7 distinct shapes of the MR curves in accordance with the theoretical findings of Hafner et at. II The MRR values range from a few percent in the contact regime up to several hundred percent in the tunnel regime, summarized in Table I . Also the field at which the MR saturates varies from contact to contact for one and the same sample, as shown, e.g., in Fig. 4 . In contrast to what has been reported before for Ni contacts, 19 there is no parti cularly hi gh value of th e MRR around the single-atom contact. Figure 13 shows a selection of the MRR as a function of the minimum resistance in the measured range. The MRR is smallest for the Au-Co-Au samples. Also, the traces recorded for these samples show less structure and no pronounced effects at or above the saturati on field of B= 1.8 T. From this findin g we are able to estimate the influence of the correlations of the magnetization of the electrode to the MR. Interesti ngly, contacts with conductances close to 1 Go reveal very small MRR values in consistency with the interpretation that these contacts are formed within the normal-metal part of the samples . Moreover, the MRR of nonsuspended samples is of comparable size as the one of suspended bridges. This observation is helpful for estimating the influence of magnetostriction .1 5
A. Micromagnetic simulations
The different shapes of the MR traces in the tunneling regime, cannot be explained in total by the AAMR effect, but rather by the mi cromagnetic structure of the electrodes forming the tunnel contact. For this purpose we performed threedimensional numerical simul ations based on a macrospi n model 26 using the material parameters of Co. The spontaneous magneti zation in our model is Ms= 1.43 X 10 6 AI m and the exchange stiffness A =2.6 X lOll Jim . The uniaxial anisotropy constant is K=6.8 X 10 5 J/m 3 where the magnitude of the anisotropy is assumed to be constant but its direction is arbitrary in the film plane reflecting the granu lar structure of the cobalt. 27 The value of the cell size 6.=7 nm corresponds to the grai n size of our sample. Each cell contains one magnetic moment. Dipole-dipole interactions between grains are taken into acco unt. For our simulation we use a Monte Carl o method with a heat-bath algorithm and singlespi n-flip dynamics.
28 A fast-Fo uri er transformation method is used in order to deal with the dipole-dipole interactions. 29 We simulate a break junction of th e size 896 nm X 448 nm X 56 nm, where the break is one cell size thick, applying a magnetic field B pointing out of plan.
We first carried out simul ati ons for a structure without break. One finding of these simul ations is that the remanent state shows a magnetization in plane with a multidomain vortex state in the inner electrodes. At the nanobridge region, a si ngle-domain state is formed [ Fig. 14(a) ]. For th e simulati ons with break in the center of the nanobridge, the same vortex structure is observed in the inner electrodes. Nevertheless, a multidomain vortex state with flux closure close to the break line is found [ Fig. 14(b) ]. Saturation in z direction occurred at IBI = 2 T , slightl y above the common value for cobalt (1.8 T).
We furthermore performed simulations for the exact sample geometry which we deduce from electron micro- graphs of the various samples. Comparing the domain structure of these slightly varying sample geometri es we find th at the exact shape of the magnetization di stribution and, in particular, at the closest parts of the electrodes the relative alignment depends on the details of the geometry. More prec isely, the remanent state also depends on the direction of saturation and is not necessarily symmetric with respect to field inversion because the two electrodes have slightly different shapes. Hence, for these remanent states nontri vial AMR behavior as well as nonmonotonous magnetostriction can be expected. Since magnetostriction depends on the domai n confi guration, every change in the magnetization state is accompanied by magnetostriction.
B. Magnetostl'iction
The notion of magnetostri ction itself contains several aspects. The most commonly d iscussed is the length change caused by parallel orientation of the domains (Joul e magnetostriction).3o For cobalt, the sampl e shortens upon alignment of the domains until it reaches its saturated magneti zation state. Consequently, the maximum relative length change is limi ted to the anisotropic saturation coeffi cient ~s' The size of ~s depends on the amount of fcc Co cry stallites in the sample as well as on the substrate temperature and the deposition method. 31 Since our samples are polycrystalline films with arbitrary orientation of the crystallites, we use the value ~s=-65 X 10-6 measured by Chen et al. 32 Moreover, the effect may have di fferent sign and amplitude for magnetization along the easy and the hard ax is, where a sign change in ~s as a function of the applied fi eld can occur. There can also be a field -dependent contribution beyond the saturation field due to the vo lume dependence of the spontaneous magnetization (volume magnetostriction).3o To estimate the maximum contribution o f magnetostriction to the MR, we use (2) for the strain at magnetization angle 0 in satu rated magnetic fi eld . 15 Moreover, we ass ume that only the suspended parts of the bridges (length u) contribute to magnetostri ction . Thus, in the tunnel regime length changes should give the most dramatic change in the resistance because of the exponential dependence on the tunneling gap. Considerin g Eq. (2), the max imum change in the tunneling gap at saturation would be t:.d=u x ~i\s = 0.3-1 A, depending on the sample structure. Using the usual formul a fo r the distance variati on in the tunneling current, we obtain
where <1:>=5 eV is the work fun ction 33 and m* the effective mass of the conducti on electrons. For cobalt, this value is not straightforward to determine, because both s electrons and d electrons can contribute to the transport of atomic-size contacts. to We roughly determine the apparent m* of our Co nanobridges from th e distance dependence in the tunnel regime when driving the motor without applied magneti c fi eld and comparing it to the expected di stance dependence given by the geometry of the breaking mechanism. 34 We obtain m* = mo and therefore /3 = 2.3 A-I, which is in accordance with the findings in Ref.
10.
Our explanation for the qualitative behavior in the tunnel regime is the foll owing: Since the remanent field state of the free-standing part of the bridge has a mag netization orientation in plane, a length change due to magnetostri ction occurs until all domains are aligned in parallel along the bridge. Thi s corresponds to a resistance increase because of a ri sing tunneling gap. At a certain fi eld, the domains are tilted out of plane which closes the gap again and leads to a resistance decrease until saturation is reached. According to Eq. (3), at saturation, this estimated change in the gap distance could give ri se to a resistance change in a factor of 2 for the AuCo-Au samples and a factor of 10 for the Co and Co-Au-Co samples assuming that no "jump to contact" or "jump to tunneling" occurs, which could change the resistance considerably. Most of the observed resistance changes in the tunneling regime are in this order of magnitude. At higher fields the volume magnetostrictive e ffect comes in to play. For Co it has the same sign as the ori entati onal effect and should thus result in a monotonous resistance decrease up to the hi ghest measurement fie lds.
The MR of the traces shown in F igs. 8(a) and 12 do indeed show examples in which the MR starts to increase when raising the fi eld at B=O. However, there are even more examples in which it decreases. In particul ar, there are examples for which the sign of the tunnel MR varies from contact to contact in the same measurement run, i.e., without having demagneti zed the sample. Moreover, there are many examples, e.g., the one shown in Fig. 4 (b) , where several sign changes are observed above the saturation fi eld. Also the steepness o f the MR decrease varies from contact to contact for the same sample [ Fig. 4(a) ]. From these findings we conclude that magnetostri ction contributes to the MR of the tunnel contacts but it is not likely to account for the totality of the observations. For the atomic contac ts the resistance change due to length changes in the electrodes is much smaller because the atomic bonds stabili ze the geometry. Furtherm ore, the distance dependence o f the resistance is weaker than exponential. The estimation above is thus an upper threshold for the resistance changes due to magnetostriction.
The third effect of mag netostriction is the development of an internal strain in the materi al when the outer edges are fix ed such that a deformation is blocked (Villari e ffect).3o This strain may have an influence on to the resistance of atomic contacts by affecting the local band structu re and is much more di ffic ult to di sentangle from other effects. A cosine-squared resistance behavior would also be ex pected for AMR, even without including the length change, which goes along with the reorientation of the domains. Devi ations from this simple behavior have been reported for nanowires and nanosized constrictions. In particular, a stro ng enhancement of AMR in atomic-size structures has been described. 23 ,25 The accumul ati on of internal stra in will eventually result in atomic rearrangements giving ri se to sudden resistance jumps. We attribute the resistance jumps occurring at high magnetic fi elds to this e ffect.
C. Hysteretic magneto resistance
Hysteretic effects are observed in all kinds o f samples. However, the nature of the hysteresis varies. In some traces hystereti c switching, i.e., switching between two di stinct resistance values in both sweep directions but at different fi eld values is observed. This type occurs in all kinds of samples but not for all contacts which have been reali zed. E.g., the discrete steps in the order o f 0.6 -0.7e 2 / h in Fig. II (b) resemble the ones reported by Shi el ai. 35 These steps have been explained as atomic motion induced by the applied magneti c fi eld which can strongly affect the stability of atoms in th e contact region . In contrast, Sokolov el ai. 36 attributed the conductance jumps in their experim ents to BMR being caused by the opening and clos ing o f discrete conductance channels in the contact. Herein, we propose that the observed conductance steps in our measurements are caused by fi eld-induced atomic recon fig urations due to magnetostri cti ve forces. The second type o f hysteresis are abrupt resistance changes which only occur in one sweep directi on, e.g., when enhancing the fi eld ampli tude. This is onl y observed for the Co and Co-Au-Co samples and at small fi eld sizes . T hey do not occur for the Au-Co-Au samples. Thus, we attribute these steps to correlation effects between the two magneti c electrodes, e.g., the GMR or TMR effect. Both effects require sudden changes in the magneti zation orientation at the interface between the ferromagnetic electrodes and a normal metal or insulating layer thinner than the spin-di ffu sion length . This is possible in both types of sampl es because a domain wall might be located close to the atomic contac tY Furthermore sudden resistance jumps can be caused by magnetostrictive forces. In our samples we occasionally observe sudden resistance jumps at magnetic field amplitudes well above the saturation field (see, e.g., the feature around 3 T in the lower curve in Fig. 7) . Since no sudden reorientations of magnetization is likely to occur at this fields , we attribute the jumps to magnetostrictive forces.
A third type of hysteresis goes along with continuous resistance changes with a functional dependence, which differs for both sweep directions. This effect is observed for all samples investigated, including the Au-Co-Au one which has only one magnetic part. The continuous hysteretic effects must be caused by a continuous change in a parameter. One possible explanation could be the deformation of a vortex state to a uniform magnetization direction or a monotonous tilt of the magnetization out of plane.
D. High-field magnetol'esistance
Above the saturation field, the magn!!tization of the electrodes should be parallel to the applied field. Thus, all features in the MR at higher absolute field values must originate from either enhancements of the saturation field in the atomic contact due to the restricted geometry, volume magnetostriction, or the Villari effect. From the micromagnetic simulations we find that the magnetization of the nanocontact is tilted into the direction of the magnetic field at higher fields than the large electrodes. This is in accordance to what has been found for cobalt nanocontacts with magnetic field in plane. 38 However, above approximately 2.2 T the magnetization is completely saturated. The experimentall y observed MR effects above this field have thus to be caused by a local enhancement (on a length scale smaller than the cell size of the simu lations). This local enhancement must be caused by a variation in the local band structure at the atomic contact, i.e., the AAMR effect.
V. CONCLUSIONS
In conclusion, we presented a comprehensive study of the MR of magnetic atomic-size contacts realized by deforming free-standing metallic nanobridges. The MR in perpendicular magnetic field shows a rich behavior with relative resistance changes ranging from a few percent up to several thousand percent. By comparing the behavior of different sample lay-outs including the combination of magnetic with nonmagnetic parts and suspended versus nonsuspended nanobridges we were able to estimate the possible influence of magnetostricti on.
We conclude that magnetostriction contributes to the observed MR, in particular, for tunnel contacts. Although the observed MRR values could be achieved by magnetostrictive effects, the shape of the MR traces cannot. In particular, the richness of the MR traces in the contact regime requires contributions of several effects. The effect giving rise to the strongest resistance changes are TMR as well as GMR for samples consisting of two magnetic electrodes. We estimate these contributions to be more than 50% of the total resistance change in the low-field regime of the atomic contacts. We argue that the continuous changes in the MR up to roughly ::1: 2 T are due to the reorientation of the magnetic domains in the electrodes, whereas all changes at higher fields are due to an enhancement of the saturation field in the constriction region. This enhancement is caused by strong spin-orbit scattering in atomic-size contacts and its effects have been called AAMR. For many contacts the saturation field must be enhanced by more than a factor of 2 because no saturation is observed up to our highest fields of 8 T. The amplitude of this AAMR contribution to the MRR is hard to quantify because it strongly depends on the exact atomic arrangement. It gradually decreases from the single-atom contacts to the several-atom contacts because the orbital shape of the atomic wave functions become less important for bigger contacts . We estimate a contribution to the MRR value of roughly 10-20 % (absolute) for the single-atom contacts. The observed discrete resistance jumps, in particular, those occurring at high fields can be attributed to atomic rearrangements triggered by magnetostrictive forces.
